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The hydration of propylene to isopropanol was investigated. The 
first part of this study concerned the direct hydration reaction in 
various liquid phase systems in the presence of sulfuric acid or 
p-toluenesulfonic acid. The second part involved a two-stage process in 
which propylene was contacted with excess acetic acid to form isopropyl 
acetate; the ester was then hydrolyzed to isopropyl alcohol and acetic 
acid. 
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The hydration of propylene to isopropanol has been the topic of 
many experimental studies. The introduction of the first commercial 
process for the manufacture of isopropanol in 1920 is considered to be 
the origin of the modern synthetic petrochemical industry. 
Berthelot discovered in 1855 that concentrated sulfuric acid 
consumes a substantial amount of propylene.1,2 He observed that the 
resulting solution when reacted with water produces an alcohol which 
distills at 82°C. The configuration of the new compound was not known 
until 1882. At that time, Kolbe proposed a structure for the alcohol 
produced from reducing acetone over sodium amalgam. He observed that 
this alcohol had similar properties to the alcohol Berthelot patented in 









The need for isopropanol during and after World War II created a 
market demand which increased rapidly. Isopropanol is used as a solvent 
and a basic intermediate in the manufacture of other compounds. It can 
also be used as a deicing agent, a rubbing agent and in the formulation 
of shampoos, detergents and cosmetics. The increase in demand for 
isopropanol has stimulated improvement in the technology of production. 
Processes for the manufacture of isopropanol are based upon direct 
or indirect hydration of propylene. Standard Oil of New Jersey 
commercialized the first indirect, liquid phase hydration 
process.1,5,6 Propylene was reacted with concentrated sulfuric acid to 
form a sulfate ester which was then hydrolized with water to isopropanol 
and dilute sulfuric acid. This process is still in use today, but it 
has the disadvantages of high energy costs, very corrosive conditions 
and pollution problems. The hydrolysis step yields a dilute aqueous 
sulfuric acid solution, which is regenerated by submerged combustion. 
The high temperatures involved in this process result in high energy 
costs as well as corrosive damage. Materials such as silicon, iron, 
teflon and graphite have been used for plant construction to minimize 
damage. During the regeneration of the sulfuric acid, large amounts of 
so2 are given off. This compound is an environmental nuisance from the 
standpoint of air pollution. Also, large amounts of waste water are 
generated which must be treated before disposal. These factors add to 
the capital and operating costs. Despite these problems this process is 
still being used by a number of producers because it gives a reasonable 
conversion and efficiency and because it can utilize a rather low purity 
propylene feed. 
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In 1947 the Shell Development Company developed the first direct 
hydration process. 1 Propylene gas was contacted with steam to produce 
isopropanol. Phosphoric acid catalyst on an inert support was used. 
This is an equilibrium reaction. Improved equilibrium yields are 
favored by low temperatures, high pressures and high water 
concentration. However, there are a number of other factors which 
determine the process conditions. The catalyst is not sufficiently 
active to give useful reaction rates at low temperatures. Increases in 
the water/propylene feed ratio decrease the formation of the two major 
by-products, isopropyl ether and propylene polymers, as well as having a 
favorable effect upon the equilibrium. Increasing the operating 
pressure increases the equilibrium yield but increases polymer formation 
and increases the capital cost of the plant. Large excesses of water, 
combined with high pressures lead to catalyst deactivation by 
accelerated depletion of the phosphoric acid from the catalyst support. 
Other vapor phase processes include the ICI process. 6 This process 
uses acidic oxide catalysts such as tungsten oxides which allow high 
water/propylene feed ratios. These catalysts however are not 
impressively active, so conversion rates are low and the high 
temperatures required lead to decreased equilibrium yields. 
More recently, a direct hydration process using a gas/liquid phase 
in a trickle bed reactor was developed by Deutsche Texaco. It utilizes 
a strong acid ion exchange resin as the catalyst.7 It allows high water 
concentrations which favor higher equilibrium yields and suppress by-
product formation. High pressures are necessary to increase the 
solubility of the gaseous propylene in the liquid water. 
In 1978, Tokyuama Soda announced the development of a liquid phase 
direct hydration process. 7 The acidic catalyst system was described as 
containing an "inorganic polyacid anion" and was said to resist 
hydrolytic degradation. The principal advantages claimed are - high 
conversions; improved catalyst life; and the elimination of corrosion 
and pollution problems. 
Direct hydration processes utilizing H3Po3, H2so4 and HCl at high 
pressures and temperatures have also been reported.8,9 Although the 
direct hydration processes generally require high pressures and a high 
purity propylene feed, a number of commercial plants utilize direct 
hydration. 
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This study concerns a search for alternate schemes to affect the 
hydration of propylene. The first part of the work is based upon direct 
hydration and is an investigation of various liquid phase systems 
containing a strong acid catalyst and an agent to dissolve sufficient 
propylene to achieve acceptable reaction rates at modest temperatures 
and pressures. The second part of the work concerns the investigation 
of an indirect process in which propylene is first reacted, in the 
liquid phase, with acetic acid to form isopropyl acetate. The ester is 
then hydrolyzed to isopropanol and acetic acid. After separation, the 
dilute acetic acid would be concentrated and recycled. Such a process 
could avoid the severe corrosion and pollution problems of the sulfuric 
acid based indirect process. It could offer advantages over the vapor 
phase processes in terms of conversion rates and over the direct 
processes in propylene purity requirements. 
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Reaction Mechanism 
All of the direct hydration processes utilize acidic catalysts. 
Based upon fundamental studies on the reaction of other alkenes, such as 
isobutylene, 10 it is commonly accepted that the mechanism involves a 
carbocation intermediate and the overall reaction rate is proportional 
to the acidity factor of the system. 
With the exception of the work reported by Onoue et al. at Tokyuama 
Soda, 7 there is no indication that the anion of the acidic catalyst 
plays a direct role in the kinetics of the reaction. 
Thermodynamic Considerations 
(2) 
Free energy calculations are a powerful tool that can be employed 
to predict the equilibrium yield of a reaction. By definition the free 
energy of a reaction is the energy change occurring when the reactants, 
in their standard states, are converted to the products in their 
standard states.11 
tiGreaction = EtiGproducts - EtiGreactants (3) 
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Table I 
Standard free energies of formation 
TemEerature OK 298 400 500 700 1000 
CH3-CH=CH2 14.99 17.62 22.45 30.60 43.43 
H2o -54.64 -53.52 -52.36 -49.92 -46.04 
CH3-yH-CH3 -41.49 -33.17 -24.66 -7.07 19.93 
OH 
Using equation (3) and the values in Table I, it is possible to 
calculate the free energy change for the following reaction: 
(4) 
Using these values for the free energy change of the reaction, and the 
following relation: 
6G reaction = -RT ln Kp (5) 
the equilibrium constants can be calculated. For example, at 298°K 
G ( 6GC3HgO)-( 6GH20 + 6 reaction = 
= (-41,49)-(-54.64 + 14.99) 
= -1.84 Kcal/mole 
6Greaction = -RT ln Kp (6) 
log KP = 
6Greaction 
2.303·1.987 cal/mole/°K·298°K 
Kp = 22.36 
7 
Table II 
Free energy change and equilibrium constants for the reaction 
Tem~erature °K 298 400 500 700 
~GreactionKCal -1.84 +1.73 +5.25 +12.25 
Kp 22.36 0.113 0.005 0.0015 
It is noted in Table II that the equilibrium constant Kp decreases 
rapidly as the temperature increases. These values of KP can be used to 




K = K P to ta 1 ~v p n ntota 1 
at P total = 1 atm 
nc3H80 
( 1 ) 
-1 
KP = . n -n ntota 1 c3H8 · H20 
assuming an initial charge of 1 mole C3H5 and 1 mole H20 forming X moles 
of C3H80 at 298°K -
22.36 x =~-~-~ (1-X)(l-X) 
2-X 
-1-
X = 0.793 (79.3% yield) 
In a similar manner the theoretical equilibrium yields at other 
temperatures can be calculated. Also the effects of changes in total 
pressure and the mole ratio of water and propylene can be determined. 
The results are presented in Tables III, IV and V. 
Table III 
Effect of temperature on equilibrium yield 
(1 atmosphere, 1:1 mole ratio) 




















of pressure on equilibrium yield 








Effect of molar ratio on equilibrium yield 










These calculations, which do not consider reaction rates, by-product 
formation or the problems of achieving the required concentrations of 
reactants in the same phase with the catalyst, indicate the benefits of 
a reaction system which has reasonable conversion rates at low 
temperatures. 
Kinetic Conversion 
This approach to a consideration of the kinetics of this reaction 








It is assumed that the cation C3H7+ is very reactive; its concentration 
is indeterminate but very small. The net rate of formation is assumed 
to be zero. 
9 
(10) 
The rate of formation of product is 
(11) 
This expression relates to a homogeneous reaction system. In a 
heterogeneous system, where the reaction takes place on the surface of 
a solid catalyst, the effective concentrations are not equal to the 
concentrations in the bulk liquid or vapor. In such systems [H20J, 
[C3H6] and [C3H70H] may be replaced by aw[H20J, ap[C 3H6] and aa[C 3H70H] 
where the a represents a suitable distribution coefficient. 
10 
11 
In a liquid phase system the problems of achieving effective 
reaction rates at low temperatures and pressures involve the vastly 
different solubility characteristics of propylene and water. In the 
first part of this work, we have evaluated several unique solvent 
systems such as toluenesulfonic acid/water, toluene/sulfuric acid/water, 
toluene/sulfuric acid/water/surfactant and toluene/sulfuric 
acid/water/phase transfer catalyst. 
EXPERIMENTAL 
The experimental work described in this section includes fourteen 
runs to evaluate various catalysts for the direct hydration of propylene 
in liquid phase systems. In order to more easily quantify the extent of 
reaction four runs were made using cyclohexene as the alkene. Five 
candidate catalysts for the acylation step of the indirect hydration 
were screened using cyclohexene. Thirteen runs were made reacting 
propylene with acetic acid and eight runs were made hydrolyzing 
isopropyl acetate. 
Direct hydration-catalyst screening 
A preliminary series of runs were made at atmospheric pressure, 
passing propylene gas through a p-toluenesulfonic acid/water (2/1) 
system at 110° and 150°. No propylene was absorbed under these 
conditions and these runs are not discussed further. 
The runs made at pressures above atmospheric recorded in Table VI 
were carried out in a Parr Model 4521 stirred Reactor. This stainless 
steel reactor is equipped with three inlet valves, a rupture disc, a 
pressure gage, two 6-blade impellers on the stirrer shaft and a Type J 
thermocouple in a thermocouple well. The temperature was controlled by 
a Parr Model 4831 automatic temperature controller. At the start of 
each run the reactor was .charged with the water, candidate catalyst and 
any solvent or surfactant. The reactor was then sealed, evacuated under 
house vacuum and purged with propylene three times to displace air. The 
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extract, after washing with water, 10% NaHC03 solution and saturated 
NaCl solution, and drying over anhydrous calcium sulfate is described 
below. 
Indirect hydration-isopropyl acetate formation 
17 
Gaseous propylene was reacted with acetic acid with a sulfuric acid 
catalyst in a Parr Model 3911 shaker type reactor, equipped with a 
heater. The 500 ml pressure bottle was charged with 120 g of glacial 
acetic acid, 2 g of acetic anhydride and 10 g of sulfuric acid. The 
bottle was connected to the gas inlet tube. The bottle was then 
evacuated and purged with propylene three times. The pressure was then 
adjusted to the designated amount, the shaker started and the 
temperature adjusted to the designated value. Shaking was continued for 
the designated reaction time with periodic recording of the drop in 
propylene pressure and readjustment of the bottle pressure from the gas 
reservoir. At the end of the reaction period the pressure was released 
and the contents of the bottle transferred to a simple distillation 
setup. The reaction was distilled to a head temperature of 98°c. The 
isopropyl acetate content of the distillate was measured as described 
below. The reaction conditions are recorded in Table IX. 
Indirect hydration-hydrolysis reaction 
The hydrolysis of isopropyl acetate or the reaction mixture to 
isopropyl alcohol and acetic acid was carried out by refluxing the ester 
and water for the designated time. The hydrolysis product was then 
distilled to a head temperature of 100°c, the distillate weighed and 
analyzed as described below. Conditions for the hydrolysis are recorded 
in Table X. 
Table IX 
Formation of isopropyl acetate 
Temperature Pressure Reaction 
Run {oC} {~si} Time {Hrs} Yield 
1 25 25 4 none 
2 25 50 4 none 
3 25 100 4 none 
4 55 50 4 1.04 g 
5 40 100 4 2.36 
6 55 100 4 10% 
7 75 100 4 25% 
8 75 100 1 41.5% 
9 75 100 2 64% 
10 75 100 3 66% 
11 75 100 4 67% 
12 85 100 2 71% 
13 82 55 4 80% 
Note: 17.6 grams of propylene was used in runs 1-12. 






















































Note - In run 7, the isopropyl acetate was the reaction product from run 
12 in Table IX. Similary, in run 8, the reaction product from run 13 in 
Table IX was used. 
Analytical methods 
Isopropyl alcohol and isopropyl acetate samples were analyzed on a 
Barber-Coleman gas chromatograph equipped with a thermal conductivity 
detector. Conditions were as follows. A 30 meter column was packed 
with Porr Pack Q with inlet temperature at 15o0 c and 1aooc for the 
detector. The column temperature was held isothermal at 19ooc. Helium 
was used as a carrier gas at a flow rate of 20 ml/min. The internal 
standard used was n-butanol. A 1.0 µl syringe was used. Pure samples 
of isopropyl alcohol, n-butanol, water and toluene were injected 
separately into the gas chromatograph and each elution time was 
observed. To quantify the product, a mixture of isopropyl alcohol and 
n-butanol was injected into the gas chromatograph and each response was 
observed. A quantity (O.l g) of the internal standard was dissolved in 
2 g of sample and 0.2 µl of the mixture was injected into the gas 
chromatograph. The amount of isopropyl alcohol present in the 2 g of 
sample was determined by dividing 0.1 g by the calculated area of the 
internal standard signal multiplying the result by the area of the 
isopropanol signal. 
Analysis of the cyclohexylacetate samples was performed on a Sigma 
300 Perkin Elmer gas chromatograph equipped with flame ionization 
detector, a laboratory data system (Sigma 3600) and an auto sampler. A 
Durabond 5 capillary column was used. Durabond 5 is a non-polar 
stationery phase consisting of 95% dimethyl-(5%) diphenyl polysiloxane, 
with a temperature range of -60° to 3500c. The capillary column was 30 
meters long with an inner diameter of 0.25 mm and a standard film 
thickness of 0.25 µm. The inlet temperature was kept at 325°C and the 
detector at 2so0 c. Column temperature was held isothermal at so 0 c for 
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one minute, then programmed at 8°C/minute to 16o0 c for one minute, then 
30°C/minute to 270°C for 30 minutes. Hydrogen and breathing air were 
used for flame ignition. Helium was used as carrier gas. 
A stock standard solution was prepared by transferring exactly 50 
mg of pure cyclohexyl acetate to a 50 ml volumetric flask and diluting 
with hexane. One ml of this solution was further diluted to 50 ml in 
hexane to give 20 g/ml concentration. About 0.5 ml of this solution 
was placed into an auto sampler vial and injected into the gas 
chromatograph. The calculated area of the standard peak was observed. 
About 50 mg of each sample was treated the same way. The auto sampler 
tray was loaded with sample vials in the even number position while odd-
numbered vials were loaded with hexane. The auto sampler was set such 
that it sampled even numbered vials and flushed the syringe with odd 
numbered vials. The syringe assembly had a nominal volume of 5 µl. The 
syringe barrel was graduated and the distance travelled by the syringe 
was adjusted to 2 µl by means of a knurled stop screw. The amount of 
cyclohexyl acetate was calculated as follows: 
1 standard x cone. standard 
standard response 
x sample response x 
1 sample injected 
final volume 
sample size 
DISCUSSION OF RESULTS 
Direct Hydration 
The initial runs (runs 1-5) evaluated the reaction of propylene gas 
with one phase toluene/sulfonic acid/water systems at pressures from o 
to 100 PSIG and temperatures from 25 to 150°c. At 25°c no product was 
formed. At temperatures from 75 to 100°c traces of isopropyl alcohol 
were formed. There was no evidence of product formation at 15o0 c. It 
appears that, with this system, the reaction rate increases with 
temperature but passes through an optimum. At high temperatures (150°C) 
the solubility of propylene is too low for reaction to occur. In run 
6, the toluene sulfonic acid was replaced with a long chain alkyl aryl 
sulfonic acid to increase the solubility of the propylene, but no 
isopropyl alcohol was formed. 
In runs 7-12 the one phase system was replaced with a two phase 
toluene/water/acid system. This increased the solubility of propylene, 
but did not have a significant effect on the rate of reaction. At low 
temperature (25°C) a large amount of propylene was absorbed but no 
product was formed. At 100°c and 140 PSI the propylene absorption was 
lower but a small amount of product was formed. In runs 13 and 14 
tetraphenyl boron sodium was added as a proton phase transfer 
catalyst. The yield of product increased significantly. 
The results of these direct hydration runs confirmed that the 
inhomogeniety of the reaction system is a major obstacle to reaction. 
Reaction was not observed at 25oc. As the temperature is increased 
reaction does occur but the rate is limited by the decreased solubility 
of propylene. 
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Four runs, recorded in Table VII, were made using cyclohexene as 
the alkene. Two runs utilized toluene/water systems with phosphoric 
acid as the catalyst. In one of these runs hexadecyl diphenyl oxide 
sulfonic acid, a surfactant active in strong acid systems was used. Two 
runs were aqueous systems containing phosphomolybdic acid. No cylo-
hexanol was detected in this series. 
Indirect hydration 
In the second phase of the work an indirect hydration process was 
evaluated. In this approach the propylene would be reacted with acetic 
acid to form isopropyl acetate. This ester would then be hydrolyzed to 
isopropyl alcohol and acetic acid which would be dried and recycled. It 
was thought that the solubility of the alkene and strong acid catalysts 
in the acetic acid would eliminate the problems of inhomogeniety which 
hampered the reaction in aqueous systems. 
In the first stage of this phase catalysts for the acylation 
reaction were evaluated using cyclohexene as the alkene. These runs are 
recorded in Table VIII. There were some initial difficulties in the 
separation and analysis of the product. The best results were obtained 
by dilution of the reaction product with ice water, extraction with 
hexane and GC analysis of the extract. This required a gas 
chromatograph with a more sensitive detector. The analytical procedure 
has been described in the Experimental section. The results indicated 
that sulfuric acid is an active and selective catalyst for the acylation 
reaction. Toluene sulfonic acid was less active. Stannous chloride and 
polyphosphoric acid were less selective. The analysis of runs using 
24 
these catalysts was marked by peaks of several coproducts which were not 
isolated or identified. 
Table IX records the runs made evaluating the reaction of propylene 
and acetic acid with a sulfuric acid catalyst. Again it was found that 
the reaction rate at 25°C was too slow to be practical. The relation of 
yield to product to temperature is illustrated in Figure 1. The data 
from runs 8 through 11 indicate that at 75°c the reaction is essentially 
complete within two hours. This is illustrated in Figure 2. 
The runs made to evaluate the acid catalyzed hydration of isopropyl 
acetate are recorded in Table X. The results indicate that an increase 
in catalyst concentration from 0.01 moles/mole ester to 0.05 moles/mole 
of ester increases the reaction rate. The equilibrium is displaced 
towards product by a large excess of water. The yield of product is 
increased by the presence of acetic acid, probably by increasing the 
solubility of the ester in the reaction mixture. Under these conditions 
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igure 2. Relation of yield and reaction time formation of isopropyl 
cetate at 75°C. 
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CONCLUSIONS 
The goal of finding a solvent/catalyst system in which propylene 
could be directly hydrated in high conversions at low temperatures and 
pressures was not realized. The best results for direct hydration 
utilized a toluene/water/sulfuric acid system with tetraphenylboron 
anion as a phase transfer catalyst. Since this catalyst is fairly 
expensive and is reported to have limited stability in aqueous 
solutions, it does not appear to be a practical solution to the 
inhomogeniety problem. Any future studies of the direct hydration 
process should be conducted in equipment which is capable of operating 
at higher pressures and with more efficient mixing of the two phase 
liquid system. 
The results of the investigation of the two-step, indirect 
hydration indicate that it has the potential for an economically 
practical route to isopropanol. Sulfuric acid is an active and 
selective catalyst for the acylation step at relatively low temperature 
and pressures. The results of the investigation of the hydrolysis step 
indicate that this reaction takes place at a reasonable rate and in good 
yield. Optimum reaction conditions would be determined by economic and 
engineering considerations. 
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